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Abstract 
A viable CCS project depends on effective implementation and confidence in long-term confinement; not 
only supported by technical specialists in implementing and regulatory organisations, but also by the 
wider scientific community, political decision makers and the general public. However, sharing 
knowledge between, and building confidence in, individuals with different experience and value systems 
is not an easy task. Thus, it is vital to have a framework in which we can make use of and share various 
sources of ‘knowledge’, from a variety of different scientific disciplines, and integrate them into a logical 
structure that allows optimisation of project implementation and strengthens the supporting safety case. 
An advanced KMS (Knowledge Management System) would provide such a framework, with special 
emphasis on making knowledge available in a form that contributes to confidence building in CCS. An 
advanced KMS is not a passive tool to archive and disseminate information – it can help synthesising and 
integrating material from diverse sources, identifying trends and inconsistencies and giving feedback to 
data producers. This provides an overview of project progress and provides advance warnings of potential 
problems in the future. Here we focus on knowledge sharing between projects with emphasis on the 
“storage” side of CCS, which has particular challenges in terms of both socio-political sensitivity and its 
complex, multi-disciplinary nature.  
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1. Knowledge sharing and  confidence building 
It is impossible to describe completely the evolution of an open system. This is important to recognise 
in the storage side of CCS, as a reservoir and its environment cannot be fully characterised and may also 
be influenced by natural and human-induced factors outside the system boundaries. A complete 
description is not, however, a requirement of decision making for the development of reservoir systems. 
This is an iterative process, so that decision making requires only that a number of arguments for the 
effective confinement of CO2 within a reservoir gives adequate confidence to support the decision at hand, 
and that an efficient strategy exists to deal with any uncertainties, which have the potential to compromise 
effectiveness of the confinement.  
In practice, implementation decisions will be made using a wide evidence base, even though 
individual components might be imprecise and/or imperfect. Confidence building requires a process 
where there is a reduction of uncertainty, coupled to measures to reduce the potential impact of inherent 
limitations in knowledge.  For this purpose, a holistic strategy for managing uncertainty is necessary. An 
example of irreducible uncertainty might be the potential existence of undetectable features in a cap rock.  
In this case, initial ‘what if’ analyses can be carried out to bound the size of potential impacts. Site 
investigation, monitoring, natural and industrial analogues all provide understanding that could reduce 
uncertainties and better constrain impacts. If impacts appear to lie within an acceptable range, verification 
and validation of the assessment builds the defence that allows it to be presented to critical stakeholders. 
In the case that the range of potential consequences does not preclude unacceptable performance, either 
the system characteristics need to be better defined, its design has to be altered or a different site selected. 
In order to make the arguments for effectiveness of confinement more rigorous and transparent, we 
need to communicate our confidence in assessment of the behaviour of the system. This requires a 
comprehensive framework that is much broader than traditional quantitative performance assessment. 
Multiple lines of reasoning, based on independent sources of evidence, are necessary in order to develop 
robust argumentation in the presence of uncertainty and to communicate clearly to diverse groups of 
stakeholders with different value systems. Experience and knowledge that is accumulated in the 
individual CCS projects serve as a global inventory of arguments and evidence that could be used as 
building blocks when we construct multiple lines of reasoning to support the long-term effectiveness of 
new projects. Both the knowledge base and the experience required to manipulate it is, however, very 
much tied up with individual expert staff, so that it can be effectively shared only among members of a 
‘community’ who can exchange a variety of information, experience and practice through dynamic 
interactions. In addition to establishing the communication links to build such a community, specific tools 
can facilitate the required interactions – for example the collaborative development and application of 
argumentation models (see Section 3.).  
2. Knowledge management for CCS 
Knowledge management for CCS, i.e., optimization of the processes of creating, storing, disseminating 
and using relevant knowledge, can be structured as in Figure 1 (here focused on the storage side to 
improve clarity). A variety of basic knowledge elements created through R&D in a typically multi-
disciplinary environment at the bottom layer are synthesised to form, at the intermediate level, a set of 
goal-oriented knowledge representations and databases. These include a geological model of the site, an 
implementation plan (including, for example, well design), numerical performance models and a 
framework for risk assessment. This, in turn, is fed into the top strategic level to construct an 
argumentation model supporting the safety, effectiveness and acceptably low environmental impact of a 
specific CCS project. 
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Figure 1 Three layers of knowledge creation, synthesis and use for CO2 storage 
Given the number of CCS projects that need to be initiated and the speed with which they have to be 
brought on line, successful implementation of knowledge management as depicted in Figure 1 requires 
optimal organisational design, active support by all project participants and application of state-of-the-art 
knowledge engineering (KE) and information technology (IT). It should be emphasised that the goal of 
the knowledge management system (KMS) is not to automate every single process shown in Fig. 1, rather 
it is to provide “intelligent support” to people who play key roles in the knowledge flow. Advanced 
support tools carry out particular set of tasks simply because they are more efficient, objective, traceable 
or cost-effective than traditional methods and are interfaced with the workforce in such a manner that 
project implementation is optimised. The contribution of intelligent software relative to human experts 
depends on the nature of tasks, availability and readiness of the relevant KE/IT tools and level of 
ambition of the organization. These observations lead to recognition of design, development and 
implementation of KMS as a cycle, through which the intelligent system components grow more 
sophisticated and the human experts learn how to live with them and provide feedback to allow iterative 
system improvement. 
In the following, challenges in interfacing intelligent systems with human experts in a number of key 
areas for CO2 storage are reviewed, starting from the top-level in Figure 1. The focus here is not to 
describe the tools in detail, rather to illustrate how tailoring interfaces can lead to a new horizon of 
knowledge management in this area. 
3. Argumentation modelling 
Argumentation in a critical discussion has been suggested to form the basis of achieving consensus
[1]
.
Arguments and evidence taken from a project knowledge-base can thus be structured in order to convince 
a reasonable critic that specific goals have been reached; in our case, for example, long-term effectiveness 
of CO2 storage is demonstrated. Chains of arguments and counter-arguments can be considered as a 
dialogue between a proponent and an opponent of a thesis, who jointly examine whether it can be 
successfully defended against critical attack or not. This type of argumentation is often called a dialectical 
model. The dialectical model forces us to consider issues from various perspectives, specify key 
uncertainties and assess relative strengths of pros and cons. In order to illustrate how the argumentation 
proceeds, a hypothetical example relating to geological storage of carbon dioxide at a depleted natural gas 
field is described.  
As the first ‘move’, the project proponents may put forward a confinement strategy based upon the 
principle that the dominant mechanisms of confinement shifts from structural trapping (S1), i.e., CO2 is 
Site characterization Engineering Basic R&D
Bottom level: Knowledge creation -
Argumentation model
Top level: Strategic knowledge application
Geological model Implementation plan PA models 
Risk assessment
Intermediatelevel: Knowledge synthesis -
6204 H. Takase et al. / Energy Procedia 4 (2011) 6202–6209
4 Author name / Energy Procedia 00 (2010) 000–000 
trapped under an impermeable cap rock, to residual trapping (S2), i.e., CO2 is trapped within fine pores of 
the reservoir rock by capillary force, and, then, solubility trapping (S3), i.e., groundwater retains 
dissolved CO2  to mineral trapping (S4), i.e., CO2 reacts with Ca and/or Mg in the aqueous phase to form 
carbonate minerals, enhancing stability of confinement as time progresses (S5).  
Then, in turn, the opponents may ‘attack’ the confinement strategy S1 by initiating critical discussions 
as in figure 2. Here five potential mechanisms of CO2 transport through the cap rock are used to form the 
attack. These are namely, A1: Leakage of CO2 might occur through fractures that are generated by 
overpressure in the cap rock during injection, A2: There may be undetected permeable features such as 
sand and conglomerate layers intersecting the cap rock., A3: Concrete seals degraded through reaction 
with dissolved CO2 may serve as a migration path, A4: Preferential migration of CO2 through existing 
channels in the reservoir may reach the periphery, A5: Dissolution of minerals in the carbonate reservoir 
may lead to “fingering” that provides preferential paths for CO2.
The argumentation continues further through ‘defence’ provided by the proponents against the 
criticism raised by the opponents. The defence requires additional arguments and evidence and, thence, 
contributes to adding further confidence to the confinement strategy which, at the top level, was rather 
abstract at the beginning of the argumentation process. For example, as the possible defence against the 
possibility of  leakage through fractures generated during the injection (A1), we could have, D1:  
Fracturing of the cap rock can be avoided if injection pressure is controlled adequately, D2: Injection 
pressure is to be monitored so that over pressure can be avoided, D8: In the unlikely event of CO2 leakage, 
it can be detected by routine monitoring during and after the injection, D9: Remedial action can be taken 
for CO2 leakage in the future, D10: CO2 that had leaked from the reservoir dissipates rapidly and its 








          
A1 A2 A3 A4 A5
D1 D2 D3 D4 D6D5 D7
D8 D9 D10
attack
D1 Fracturing of the cap rock can be avoided if injection pressure is controlled adequately. 
D2 Injection pressure is to be monitored so that over pressure can be avoided. 
D3 No such permeable features have been detected by comprehensive 3D seismic survey in the project area. 
D4 The reservoir is a depleted natural gas field and long-term confinement by the cap rock has been validated. 
D5 Precipitation of carbonates on the surface of concrete provides dense protective layer against further alteration. 
D6 Injection pressure of CO2 is not high enough to migrate beyond the spill point. 
D7 Amount of minerals to be dissolved through reaction with CO2 is not significant. 
D8 Unlikely event of CO2 leakage, it can be detected by routine monitoring during and after the injection. 
D9 Remedial action can be taken for CO2 leakage in the future. 
D10 CO2 that had leaked from the reservoir dissipates rapidly and its impact on local environment is not significant. 
Figure 2. An example of an argumentation model 
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In the chain of argumentation, potential threats to long-term confinement are highlighted, so that the 
technical community has clear priorities for R&D to seek specific scientific understanding, engineering 
counter-measures, etc. to provide defence against them.  Thus, in some cases, initial defence is based only 
on hypotheses, rather than established scientific knowledge. Acknowledging such preliminary 
assumptions, with associated proposal of plans for R&D to back them up, makes it clear that the project 
proponent is aware of key uncertainties and is not attempting to avoid issues or to cover them up. This 
should be regarded as an important contribution to building stakeholder confidence.  
In the area of legal argumentation a number of tools to support construction of argumentation models 
have been developed and used extensively
[2], [3]
. This experience forms a basis for development of tools 
that share a set of generic functions with their precursors but also possess features required for supporting 
construction of argumentation models representing the safety case for geological storage of CO2. Scarab
(Supporting tool for constructing argumentation models with associated knowledge-base) helps a user 
model an argument using a simple point-and-click interface
[4]
. To begin, a “threat”, i.e., a counter-
argument that is highlighted by the system due to lack of valid defence against it, is selected by the user 
as the starting point of an argumentation chain. Then the user is requested to select an argument class (see 
Table 1 for example) to form a response. After filling-in all the necessary entries specified in the template, 
depending on the argumentation scheme selected, the user is invited to review critical questions 
associated with that class argumentation and activate these to form further counter-arguments whenever 
necessary. If the new counter-argument thus generated is regarded as a threat, the procedure described 
above will be repeated. Argumentation thus generated evolves in a dialectic manner, highlighting 
differences in opinions and gaps in the knowledge base. 
Table 1 Example: “Argumentation based on analogy” (Hioki et.al., 2009) 
B3: Argumentation based on analogy 
Definition Reasoning by analogy involves referring to a case that concerns unrelated 
subject matter but is governed by the same general principles and applying those 
principles to the case at hand. 
Examples - Analogy of the experimental system to the reservoir 
- Analogy of well sealing to archaeological samples 
- Analogy of the CCS systems to natural gas reservoir 
Critical
questions
CQ1; How similar is the analogical system to one considered in the reservoir? 
CQ2; Do analogical counter examples exist? 
CQ3; Do the analogues chosen encompass any inherent bias? 
CQ4; What are the errors and uncertainties associated with the analogy? 
Additional functions of Scarab includes: 
a) Storing existing argumentation models as a case-base through which a user can key-word search 
cases similar to the one at hand; 
b) Recording all the revisions made to each argumentation model with comments explaining reason of 
the changes, for example; 
c) Link with a group-ware  that provides a collaborative working environment on the Web; 
d) Supporting a user to find possible new counter-arguments against existing arguments or counter-
arguments by using “deeper” knowledge. 
4. The knowledge-base 
Development of chains of argumentation in a multi-disciplinary project like CCS, taking into account a 
variety of stakeholders’ perspectives, requires handling large amounts of knowledge that are coupled in a 
complex manner. In order to provide an intelligent support to this activity, a software tool named 
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KNetwork allows users to input relevant knowledge and choose the type of link applicable to pair of 
related knowledge blocks (Fig. 3). The list of links that are currently used in KNetwork is based on that 
originally developed for ClaiMaker system
[5]
. Here, for example, the case may be that an argument agrees 
with another argument: then the class of link is support/refute, and it has positive polarity with weight 1. 
Or it may prove other arguments, which has greater weight, 2.  In another case, an argument is evidence 
against another one: the link has negative polarity with weight 1. We have six link classes, i.e., General, 
Problem solving, Support/refute, Causal, Similarity, and Classification. A number of variations may 
describe the same link type. These are called “dialects” and allow users to convey nuance to some extent. 
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Figure 3 An example “snapshot” of the KNetwork knowledge-base 
To help users to develop chains of argumentation, the tool searches relevant knowledge based on 
conditions given by the user. For example, one can search for knowledge that has a negative link of 
certain weight with the target argument put forward by the opponent. This ends up with a list of possible 
direct counter-arguments (Figure 4 left). Alternatively, one can search for any knowledge that has a 
negative link with specific knowledge supporting the target. We have a list of indirect counter-arguments 
in this case (Figure 4 right). Furthermore, by including “working hypotheses” in addition to established 
knowledge, users can generate a tentative arguments, which highlight future R&D issues that are required 
for this tentative argument to become valid.  
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Figure 4 Use of KNetwork to help finding a counter argument 
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5. Communication 
In the previous sections, we tacitly focused on building confidence of expert stakeholders. However, 
ultimately, we need to enhance confidence of all stakeholders, who have different interest and concerns as 
well as variable depth of understanding of technical issues. Building of confidence in all stakeholder 
groups is critical for the rapid and successful deployment of CCS technology and this extends beyond the 
ability to communicate complex technical arguments – it also includes building stakeholder confidence in 
the ability and competence of those organisations and individuals who are involved in CCS. The main 
issues here are to provide access to the knowledge base at a level that is appropriate to anyone interested 
in specific aspects of CCS projects and to identify their concerns. The latter is particularly challenging 
and requires a departure from the traditional approach of “one way” supply of information in the form of 
reports, brochures, videos, etc. to a more imaginative process aimed at establishing dialogue. Dialogue 
with even non-technical stakeholders can again be represented in an argumentation model; one which 
provides the technical community with opportunities to test their arguments from different perspectives, 
some of which they not have been aware of. Argument modelling tools can help plan communication 
activities, but alternative modes of presentation are needed to involve different audiences in active 
dialogue.
To develop and test a holistic approach to communication, a web-based portal – termed CoolRep – has 
been developed. This is intended as an innovative solution to the problem of integrating the range of KM 
tools needed to implement a major project, the associated knowledge base and the interfaces required to 
make the system accessible to all stakeholders (Fig. 5). This platform provides a range of different 
methods that allows users to rapidly access text, databases, models, illustrations, animations and videos of 
the desired technical level. A key attribute is interaction, which encourages dialogue between knowledge 
producers and knowledge users and feedback from stakeholders – including the general public. It can also 
contain application templates, which are “kernels” distilled from the knowledge base on the basis of 
experience gained in specific components of the CCS chain. A demonstration version of CoolRep 
developed specifically for geological disposal of radioactive waste in Japan is available in English, 
although the master version of this site is available only in Japanese (http://kms1.jaea.go.jp/CoolRep/) . 
Figure 5 Concept of “CoolRep” 
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One overarching issue that has arisen from the consideration of dialogue is the handling of 
uncertainties and open questions. In the past, technical groups tended to play these down, based on the 
assumption that lack of understanding by non-experts would cause confusion and unnecessary concern. 
With the perspective of a dialectical process of knowledge creation, however, it is essential that members 
of the technical community do not pretend that they knew answers to all the questions asked, or restrict 
scope of the dialogue to what they think important. On the contrary, they should try to understand value 
systems that may be different from theirs and be prepared to accept the existence of open questions.  
6. Conclusion
An advanced KMS helps assure that complex, multidisciplinary CCS projects in many countries are 
developed in an optimal manner, facilitates integration of experience gained to increase effectiveness and 
minimise the risk of problems within individual projects and provides an optimal basis for structured 
planning. The associated knowledge-base must be able to handle exponentially increasing fluxes of 
multidisciplinary knowledge from pilot projects, experimental and modelling studies, industrial and 
natural analogues, etc. It must also include conventional explicit knowledge and tacit knowledge captured 
in expert systems, models, databases, videos, animations, etc; and allow flexible structuring according to 
user needs. 
In this paper we illustrated key components of such KMS based on understanding of the constraints 
and requirements on advanced KE/IT tools and methodology developed in Japan over recent years in the 
field of radioactive waste management. Although the technology required for disposal of radwaste is 
different to that for CCS, the information flows and project constraints are quite similar and hence the 
same tools can be used with relatively little modification. The clear benefits would be rapid 
implementation of tools to efficiently manage information fluxes and collate / communicate knowledge 
within individual projects, standardising of KMS tools to facilitate integration of / collaboration between 
different CCS projects, facilitation of management of the databases required to ensure that expanding 
numbers of projects meet regulatory guidelines, and facilitating access of non-technical stakeholders to 
the project knowledge-bases in order to build credibility and increase acceptance.  
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